Clinical Material and Methods

Data Collection
A cohort study was conducted to evaluate the risk factors predisposing to repeated shunt failure. Data were collected on all patients who underwent their first shunt insertion between January 1, 1987 and December 31, 1996, and their progress was followed for at least 1 year (until December 31, 1997) . Data were collected prospectively from standardized forms filled out by the resident, fellow, or attending neurosurgeon for each shunt procedure (initial insertion and subsequent revisions). Data input was completed by a nonmedical data entry clerk. The information was audited for accuracy and completeness by a physician who was not on staff at the institution. Any discrepancy was settled by consultation with a staff neurosurgeon blinded to the case. Any patient whose medical records were missing was excluded.
The sample cases were obtained from the pediatric population (birth-18 years of age at the time of first shunt insertion) arriving at a tertiary care pediatric institution (The Hospital for Sick Children in Toronto). A diagnosis of hydrocephalus (based on either ultrasonogram, computerized tomography scan, or magnetic resonance image) that required placement of a shunt was a prerequisite. Patients with hydrocephalus were grouped into categories based on cause: aqueductal stenosis, IVH, postmeningitis, myelomeningocele, posttraumatic, tumor, congenital, and other (that is, cases that did not fit any of the preceding categories). Any patient who had undergone a CSF shunt procedure at an outside institution was excluded (except for patients in whom continuous external ventricular drainage systems had been placed to treat their hydrocephalus). Patients without hydrocephalus who required a CSF shunt (for example, due to arachnoid cyst or pseudotumor cerebri) were also excluded.
Risk factors included those related to patient characteristics, surgical details, and shunt hardware. Data regarding patient age at the time of the first shunt insertion, patient gender, and cause of hydrocephalus were obtained from the prospectively collected procedural forms. Patient age was corrected for gestation. Measurement of the patient's HC before each shunt procedure was obtained from the medical records. In patients older than 2 years of age, these measurements were treated as missing values. If the shunt procedure involved the removal of an external ventricular drain and insertion of a shunt, the HC was not included, because the presence of the device and bandages were believed to provide an overestimate of the result. Each patient's weight was obtained from the anesthesiology records for each shunt procedure. Surgical features included whether the procedure was performed on an emergency or nonemergency basis, the use of antibiotic agents, the duration of surgery, and whether any concurrent surgical procedure had been conducted. Data regarding the side on which the shunt was placed, its site, type (VP or other), valve type (differential pressure or flow regulated), and type of distal catheter (slit compared with open ended) were recorded. Whether multiple or complex shunts were in place was also noted.
Statistical Analysis
The outcome of shunt failure was based on the patient's symptoms and signs, as well as on pertinent diagnostic tests and intraoperative findings, in accordance with the guidelines established in the shunt design trial. 15 Outcome was categorized as shunt obstruction, shunt infection, overdrainage, presence of loculated ventricles, and other. For each patient, repeated shunt failures were identified, and the risk factors were determined.
Each shunt failure was assigned a failure level according to whether it was the first (1), second (2), third (3), fourth (4), or higher episode of failure. Summary statistics were examined by failure level. Apparent differences in the mean values of continuous variables and distribution of categorical variables were examined. Estimates of the time to shunt failures were determined using the method of Lin, et al. 28 Spearman's rank-order correlation coefficient was used to examine HC, age, and weight. We studied the occurrence of a given failure level by using a conditional Cox regression model, 9 as described in the report by Prentice, et al. 37 In the model that characterized the first episode of shunt failure all patients were included. Patients in whom shunt failure did not occur during the time of observation, including those who were lost to follow up or died of unrelated causes (censored), were not considered for the subsequent model of treatment failure (Fig. 1) . For the second episode of failure, the authors analyzed data from only those patients who had experienced a first failure. Censored patients at this second level were those in whom one failure had occurred and none subsequently. Thus, the kth failures were considered a risk set consisting of only those patients who had experienced k-1 failures (Fig. 1) . The potential predictor variables for kth failures were composed of not only patient-related variables but also the time-to-failure characteristics for the k-1 preceding failures.
We modeled the HRs for time-to-failure characteristics for each new or revised shunting procedure based on the time from the last failure, termed the "gap time." Using gap time for second and subsequent failures, rather than time from initial shunt insertion, was important because the time of the second failure did not begin until after the first failure had occurred, and because we wished to compare the times to failure of the first and subsequent shunts. For this reason, we used the conditional approach described by Prentice, et al., 37 as opposed to the marginal approach reported by Lin 27 and Wei, et al., 45 or the counting process of Andersen and Gill. 4 First failure times were analyzed using the Cox model provided by the Splus (System Plus, Nantes, France) function coxph. Based on single-factor models, which indicated the importance of age at the first shunt insertion as well as the cause of hydrocephalus, we first determined the significance of these two risk factors in a model with three age and eight cause categories. We then considered whether other factors should be added, based on Wald and likelihood ratio tests, with significance set at the 0.05 level as a rough guideline.
We used a priori clinical judgment to categorize gestation-adjusted age at first surgery into the following age groups: less than 40 weeks gestation, full term to 1 year, and older than 1 year. The reference category was chosen as that in which patients were older than 1 year of age. When evaluating the eight causes of hydrocephalus, that associated with a congenital origin, which is commonly thought to constitute a low risk for shunt failure, was selected as the reference category. The factors of weight, HC, and ASA class entered the models as continuous variables. The time-to-failure variable for the preceding failure was categorized as less than 6 months or greater than or equal to 6 months. All surgery and shunt characteristics were treated as categorical variables except for duration of surgery, which was continuous. Tied data were handled using the approximation method proposed by Breslow. The HRs were calculated by exponentiating the regression coefficient, and 95% CIs were computed. The final model was also assessed for significance of effect due to age (Ͻ 40 weeks gestation) and cause of hydrocephalus by incorporating into the model the interaction terms of age and cause. Checks on the proportional-hazard models used for analysis were based on Splus implementation of martingale residuals and case influence plots, and an examination of time by covariate interaction. The statistical analysis was performed using Splus and commercially available computer software products from SAS Institute (Cary, NC).
Results
After excluding five patients for whom medical records were missing, the database contained 839 patients who experienced 1183 episodes of shunt failure. There were 46 patients who experienced six or more failures, and one patient had 13, two patients had 14, one patient had 15, and one patient had 30 shunt failures. Because relatively few patients suffered more than three episodes of shunt failure, the analysis (related to patient characteristics) was restricted to data from patients at the first three failure levels ( Table 1 ). For the first failure level, the risk set was composed of 839 patients; the second, 438; and the third, 241. At each level, shunt failure occurred in slightly more than half of the patients.
In Table 2 a summary of patient, shunt, and surgery-related characteristics are provided for patients who underwent one, two, and three shunt placement procedures. The mean gestation-adjusted age at the time of the first shunt insertion was 888.7 days; the median was 79 days. Slightly more than half of the patients were in the 40-weeks-gestation-to-1-year category. There were slightly more male patients across the different failure levels. As expected, the median weight increased across failure levels. The median HC increased from 39.5 cm at the first failure level to 42.5 cm by the third. The most common homogeneous causes of hydrocephalus in the initial risk set were myelomeningocele (22.8%), tumor (22.6%), and IVH (13.6%). The percentages of IVH-related and postmeningitic causes increased and congenital and tumor-related causes decreased as the number of shunt failures increased.
At the first failure level there was high intercorrelation between age and weight (r s = 0.95), age and HC (r s = 0.74), and weight and HC (r s = 0.86). Because age is the most objective measure among these three variables, only age was included in figuring the regression models.
With respect to surgical procedures, 11.4 to 17.8% of the cases were treated on an emergency basis depending on the failure level. Prophylactic antibiotic drugs were administered in at least 79.9% of the cases, and 5.4 to 8.9% (ranging from third to first failure level) of the patients in whom shunts were placed underwent a concurrent nonshunt procedure. The median duration of each procedure was 65 minutes.
A VP shunt was used in at least 90% of the cases, and differential pressure valves were used in 85.9 to 93.4% of the cases, depending on the failure group analyzed. Shunt placement most commonly occurred via an occipital burr hole, equally on both sides. The proportion of cases in which we used a distal slit-valve catheter was slightly greater than that in which an open-ended valve catheter was used. Of those cases in which the shunt had failed up to three times, in 22.8% multiple shunts were used and in 5% a complex system of shunts was used.
Of the complications seen in patients in whom the shunt failed a single time, obstruction occurred in 66.7%, infection in 19%, overdrainage in 5.7%, and loculated ventricles in 7.7% (Table 3) . As the number of shunt-failure episodes increased, the proportion of cases in which obstruction occurred increased, those of infection and overdrainage decreased, and that of loculated ventricles remained approximately the same. Figure 2 shows the survival curves determined for patients in whom shunts failed one, two, three, or four times.
In determining these estimates we did not make adjustments across patients for age, cause of hydrocephalus, or other risk factors, and the differing distribution of risk factors for different failure levels makes a comparison difficult. In addition, limitations on the total length of followup review made it necessary to restrict attention to the second, third, and fourth episodes of shunt failure in patients whose preceding failures all occurred within 3000 days. As can be inferred from the results in Fig. 2 , the sur- vival distributions for the first, second, and third episodes of shunt failure are comparable over the first 1000 days, but the fourth failure times tend to be shorter. However, because the estimated distribution of fourth failures is effectively based on only 137 patients, it is rather imprecise.
Results of the multivariable analysis for sequential failure are described later. As predictors of the first episode of failure, age and certain causes of hydrocephalus were statistically significant (Table 4 ). An age of less than 40 weeks gestation at the first shunt insertion was associated with an HR of 2.49 (95% CI 1.68-3.68; p Ͻ 0.001), whereas an age between 40 weeks gestation and 1 year had a lower HR (1.77; 95% CI 1.29-2.44; p Ͻ 0.001). Of the noncongenital causes of hydrocephalus, the presence of trauma had the highest HR relative to congenital causes (2.8; 95% CI 1.39-5.64; p = 0.004). This was followed by the presence of tumor with an HR of 2.33 (95% CI 1.48-3.68; p Ͻ 0.001), postmeningitis with an HR of 2.08 (95% CI 1.26-3.44; p = 0.004), myelomeningocele with an HR of 1.95 (95% CI 1.34-2.85; p Ͻ 0.001), and intraventricular hemorrhage with an HR of 1.78 (95% CI 1.18-2.68; p = 0.006). Ventriculoperitoneal shunts had a lower risk of failure compared with all other types (HR 0.69, 95% CI 0.5-0.95; p = 0.024), and a concurrent nonshunt-related procedure was associated with a higher risk of failure (HR 1.44, 95% CI 1.06-1.94; p = 0.02).
For the group of patients in whom shunts failed a second time, the dichotomized time-to-first-failure variable (Ͻ or Ͼ 6 months) had an HR of 1.72 (95% CI 1.28-2.3; p Ͻ 0.001). Intraventricular hemorrhage, postmeningitis, and tumor were also statistically significant, whereas patient age at the first surgery was not (Table 4 ). For those patients in whom shunting failed a third time, a similarly dichotomized gap time of the previous (second) shunt failure, an age less than 40 weeks gestation (at the time of initial shunt insertion), and a concurrent nonshunt-related procedure were found significant at the p Ͻ 0.05 level.
Gender, ASA class, emergency surgery, use of prophylactic antibiotic agents, duration of surgery, and all shunt-related factors were not found to be statistically significant in terms of being associated with shunt failures (see Table 5 for the first failure level). There was no evidence that the association between shunt malfunction and cause of hydrocephalus varied by age category (that is, there was no evidence of effect modification). No substantial departures from the assumptions of the proportionalhazard model were found.
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Repeated CSF shunt failure In this study the authors found a sufficiently large group of patients who would participate in an extended follow up and from whom data could be generated for statistical analysis. The results, however, are somewhat dismaying in that none of the easily remedied factors, such as shunt valve design, shunt implantation site, length of surgery, and use of antibiotic agents, appeared to be significant. Instead, unchangeable patient characteristics such as age as well as cause of hydrocephalus were found to be significant. This is extremely important information, however, because it may prevent investigators from pursuing treatment strategies that are unlikely to have any effect. This finding also can be used to identify those patients at highest risk who might benefit most from any effective change in practice.
35
Perhaps the most interesting finding of the study is that the length of time from the previous shunt failure is an important risk factor for subsequent shunt failure, even accounting for other patient, shunt, and surgical factors. The HR for the second and third episodes of shunt failure that occurred within 6 months was approximately 1.5 times that for failures that occurred after 6 months. This factor remained essentially unchanged as the failure level increased, suggesting that the timing of a previous procedure is a fundamental component of repeated shunt malfunctions.
Piatt 35 and Piatt and Carlson 36 also have noted an increased risk of failure for shunts that were revised fewer than 6 months after implantation, although they failed to make a distinction between new and revised shunts and did not provide a multivariable analysis. Nevertheless, the authors of the present study further support this finding. The really interesting question is why does this increase in failure risk occur? The authors were not able to demonstrate that infection leads to this occurrence, but rather think it to be a general response to shunt revision. It seems reasonable that the trauma of shunt revision and perhaps the reaction of the ventricular tissue may incite an inflammatory response that predisposes to subsequent shunt obstruction. This suggests that more inert shunt materials, or even antiinflammatory medication, might reduce repeated shunt failure.
In terms of survival analysis of shunt failure, Cozzens and Chandler 10 have alluded to a finding of decreasing time to failure for recurrent shunt failure, but they failed to elucidate the manner in which categorization in risk sets was achieved. In addition, they pooled new shunt and revised shunt replacement procedures. In a more recent paper by Lazareff, et al., 26 similar findings with the same problematic type of analysis were reported. Authors of these earlier studies suggested a trend in shorter failure times as the number of episodes of shunt failure increases, but these conclusions were based on analysis that ignored the association between successive failure times; this tends to have a downward impact on the estimates of higher level failure distribution. Our analysis accounted for this association and did not show a marked trend, although the possibility that the fourth failure times tend to be shorter was indicated.
It is perhaps no surprise that patient age is a risk factor for shunt failure. The role of age at the time of first shunt insertion has been evaluated previously in several observational studies. 7, 10, 13, 29, 30, 35, 36 In the Cooperative Survey of the 1991 to 1992 Education Committee of the International Society of Pediatric Neurosurgeons, the role of age was evaluated only in first shunt insertions, and the committee noted that there was a higher rate of failure among patients who had undergone shunt implantations at younger than 6 months of age. 13 However, in a retrospective study of 170 hydrocephalic patients with myelomeningocele, no statistically significant difference in failure risk was noted for patients who had undergone a first placement procedure at younger than or older than 1 week of age. 7 In our study we corrected for gestational age, and our results indicate that age at the time of first shunt insertion proved to be an important contributor to not only the first failure but also subsequent failure levels analyzed. Patients younger than 40 weeks and between 40 weeks and 1 year of age had an HR of 2.49 and 1.77, respectively (in comparison with shunt insertions performed in patients older than 1 year of age). That prematurity at first shunt insertion would predispose to subsequent shunt revisions is again a fascinating finding, which may further support the thought that some fundamental tissue reaction occurs in response to shunt insertion.
Weight and HC are clearly age-related factors in this patient population. It has been reported that, according to univariate analysis, patients who weighed less than 3000 g had no statistically significant difference in the rate of infection, and there was a barely significant (p = 0.05) worse overall shunt survival rate among patients weighing less than 3000 g. 30 In 67 patients with neural tube defects, who underwent a total of 122 shunt procedures, HC at the time of shunt insertion did not correlate with patient survival. 29 Age was a better indication of patient maturity, because it was so highly correlated with weight and HC and, particularly, because HC may be influenced by the extent of hydrocephalus.
Much controversy surrounds the effect of the cause of hydrocephalus on multiple shunt failures. In a number of studies the authors have addressed this issue, 8, 10, 13, 18, 20, 30, 35, 36, 42, 44 although its role in repeated failures has not been evaluated. The authors of three reports have suggested that IVH, 10 tumor, 42 and neural tube defects 30 were significant contributors to shunt failure, whereas in three other reports, causation did not appear to play a role. 18, 35, 36 In reports in which only initial insertions were evaluated, IVH appeared as a causative factor. 13, 20 In one the authors reported on a homogeneous population of patients in whom only distal double slit-valve systems were placed, 20 whereas the International Society of Pediatric Neurosurgeons study excluded neoplastic cases. 13 Our findings revealed that IVH, postmeningitis, and tumor were significant causative factors in the first and second episodes of shunt failure, all with similar CIs.
Concurrent surgical procedure was noted to increase risk of shunt failure. Most neurosurgeons try to implant shunts in the setting of a single procedure, but this is occasionally difficult, particularly when tumors require a biopsy. This group may simply be at increased risk of subsequent shunt failure. In comparison with other shunt types (lumboperitoneal or ventriculoatrial), VP shunts had a lower risk of failure; but the hydrocephalus in these patients may be significantly different, thus making assessment of this finding difficult.
Cerebrospinal fluid shunt failure is similar to many other conditions in which repeated events occur in the same patient (such as recurrent tumor, lumbar disc disease, or tic douloureux pain). It is statistically important to account for multiple observations made in the same individual: otherwise one may underestimate the standard error and find statistical significance where none exists. In many of the aforementioned studies the authors have failed to account for this problem. 7, 10, 13, 18, 29, 30, 35, 36, 40, 44 A few methods have been used to evaluate repeated events for time-to-failure outcomes, two of which include the marginal method used by Wei, et al., 45 and the counting process described by Andersen and Gill. 4 An additional method proposed by Prentice, et al., 37 addresses the issue of a conditional approach, which appears most appropriate with regard to repeated episodes of failure in CSF shunt cases. This method allows dependence among repeated failure times to be explicitly addressed. This is the technique we have used in this study, which we think is most likely to find true risk factor effects.
Conclusions
The timing of the previous shunt procedure is significant: a revision performed in less than 6 months from the preceding implantation results in an increased risk of failure. This also establishes that there is a significant association between repeated CSF shunt failure times in a given individual. Age at first shunt insertion and the time interval since last revision are the more important patientrelated predictors of repeated shunt failures in the multivariable model. Concurrent surgical intervention was associated with an increased risk of shunt-related failure, yet none of the other shunt characteristics or surgical features reached statistical significance. Recurrent CSF shunt failure remains a fascinating problem worthy of our best efforts.
